Singlet-triplet transition in a single-electron transistor at zero magnetic field 
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We report sharp peaks in the differential conductance of a single-electron transistor (SET) at 
low temperature, for gate voltages at which charge fluctuations are suppressed. For odd numbers 
of electrons we observe the expected Kondo peak at zero bias. For even numbers of electrons we 
generally observe Kondo-like features corresponding to excited states. For the latter, the excitation 
energy often decreases with gate voltage until a new zero-bias Kondo peak results. We ascribe this 
behavior to a singlet-triplet transition in zero magnetic field driven by the change of shape of the 
potential that confines the electrons in the SET. 
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PACS numbers: PACS 73.23.Hk, 72.15.Qm, 73.23.-b 

The discovery of the Kondo effect in SETs has led to 
a great deal of experimental and theoretical interest a In 
a SET charge fluctuations between the confined droplet 
of electrons, called an artificial atom, and the leads are 
suppressed by charge and energy quantization, resulting 
in small conductance except at voltages for which the 
number of electrons N on the droplet increases to N+l. 
However, when the artificial atom has odd N, and thus 
necessarily posesses non-zero spin, the differential con- 
ductance at zero drain-source bias is large for all gate 
voltages at zero temperature. This enhanced conduc- 
tance results from the formation of a new many-body 
ground state at low temperature, in which the electrons 
in the artificial atom are coupled in a singlet state to 
those in the leads. 

Much attention has also been paid to Kondo features 
seen when N is even. Such features were first reported to: 
Schmid et ala at zero magnetic field. Later Sasaki et ala 
and van der Wiel et ala showed that Kondo enhancement 
of the zero-bias differential conductance occurs for even N 
when a singlet-triplet transition is induced by a magnetic 
field applied normal to the plane of the two-dimensional 
motion of the electrons. In these experiments the Kondo 
features are only seen close to the magnetic field that in- 
duces the singlet-triplet transition. While it seems likely 
that the features seen by Schmid et al. for even N result 
from a triplet ground state at zero magnetic field, this 
has been difficult to demonstrate, because these authors 
do not observe the singlet state. Kyriakidis et ala have 
observed singlet-triplet transitions in a lateral quantum 
dot with N=2 at large bias with a perpendicular mag- 
netic field near I T. They infer that the critical magnetic 
field can be tuned with a gate voltage by introducing 
nonparabolicity in the confining potential well. 

Kondo features are also foupd in SETs made with car- 
bon nanotubes. Liang et al.a find that nanotubes with 
even N may have a singlet ground state with inelastic 
co-tunneling features at nonzero bias or a triplet ground 
state with a Kondo peak at zero bias. Nygard et ala have 
studied a singlet-triplet transition induced by a magnetic 



field. The latter authors point out that the peaks super- 
imposed on the inelastic co-tunneling edges for even N 
are a new signature of Kondo physics. 

In this article we report the observation of excited state 
Kondo features for both even and odd N. At even N our 
data suggests that the triplet excitation energy changes 
as the shape of the confining potential is varied, often 
giving rise to a singlet-triplet ground state transition at 
zero magnetic field. With this interpretation, we use our 
differential conductance measurements to determine the 
exchange interaction. We find that the exchange is of the 
same order as the average energy level spacing. This may 
explain why SETs usually dp not show even-odd effects 
in their conductance peaks.il 

The SET we have studied is— .similar to those 
used by Goldhaber-Gordon et alBB The SET is cre- 
ated by imposing an external potential on a two- 
dimensional electron gas (2DEG) at the interface of a 
GaAs/AlAs heterostructure. Our 2DEG has a mobility 
of 91,000 cm 2 /(Vs) and a density of 7.3 x 10 11 cm" 2 ; 
these quantities are measured shortly after fabrica- 
tion. _ Qjir heterostructures are shallower than those in 
Refs.B'E2l, 16 instead of 20 nm, and the 5 doping level is 
higher, 1.5 x 10 13 cm -2 instead of 1.0 x 10 13 cm -2 , yet the 
carrier density and mobility differ by less than 10% . We 
create the confining potential with electrodes shown in 
Fig. [j]a. Applying a negative voltage to the three confin- 
ing electrodes depletes the 2DEG underneath them and 
forms two tunnel barriers separating a droplet of elec- 
trons from the 2DEG regions on cither side, which act as 
the source and drain leads. The confinement caused by 
the electrodes is supplemented by shallow etching of the 
cap layer before the gate electrodes are deposited. We 
estimate that our droplet is about 100 nm in diameter 
and contains about 50 electrons. 

In all of our experiments the voltage on the gate V g is 
varied while those on the other three electrodes are held 
fixed. We measure the differential conductance by ap- 
plying a small alternating voltage, as well as dc voltage 
Vds, between the drain and source leads and measuring 



2 



(a) 



(b) 




02 dl/dV ds (e 2 /h) 1 - 4 




20 
AV g (mV) 



FIG. 1: (a) Electron micrograph of a device nominally identi- 
cal to that used in this experiment. The voltages on the right- 
most, top left, and bottom left electrodes are V r , Vti, and Vu, 
respectively. That on the gate, Vg, is measured relative to a 
reference voltage Vq. (b) Differential conductance dl/dV^s in 
the V ds -AV g plane for (V r , V H , V w )=(-181.5, -155.9, -173.7) 
mV, and Vb=-172.7 mV. The drain-source modulation was 48 
fiV p -p. The dashed white lines are included as a guide to the 
eye to locate the Coulomb-blockade diamonds. 



the current with a current preamplifier and a lock-in am- 
plifier. While all the Kondo features near zero bias dis- 
cussed in this paper can be clearly resolved with modu- 
lation of 10 /iV peak-to-peak or less, we have used higher 
excitation voltages for some of the data to improve the 
signal-to-noise ratio at large dc biases between drain and 
source. 

The effect of varying V g is two fold. First, it tunes the 
electrochemical potential of the electrons in the droplet 
relative to Fermi energies in the leads. This allows us to 
vary N by changing the gate voltageO Second, variations 
in Vg produce changes in the external potential confining 
the electrons, thus modifying the excitation spectrum. 
This much weaker effect is usually neglected, but it is 
central to the analysis of our results. In principle, these 
two effects can be separated experimentally by varying 
the voltage on several gates simultaneously. 

Figure |l|b shows the differential conductance of our 
SET for a range of AV g — V g — Vq, over which two elec- 
trons are added to the artificial atom. The broad bands 



forming a pair of diamonds result from the threshold for 
charge fluctuations induced by Vd s and AVg. The sharp 
feature at Vds = 0, present for 10 mV < AV g < 40 mV, 
is identified as the Kondo peak for odd N. Thus, the un- 
usual features in the adjacent diamonds are associated 
with even N. 

In the left-hand diamond of Fig. [l]b, we see, at the far 
left, two sharp peaks positioned symmetrically around 
Vds = 0. As AV^ is increased the two peaks move to- 
gether, until they merge to form a zero-bias peak. After 
remaining at zero bias for a range of AV g , the two peaks 
separate again. Although we do not generally observe 
such symmetric patterns, we find similar behavior for 
most even N: sharp peaks separated by ^100 //V from 
Vds = that shift with gate voltage at a rate such that 
the splitting disappears over ~10 mV. When the splitting 
vanishes, a zero-bias Kondo peak results and remains at 
zero bias as AVg is changed further. 

We assume that when there is no zero-bias Kondo peak 
the ground state is the singlet and that for this situation 
the peaks observed symmetrically around Vds = re- 
sult from Kondo screening of the excited-state triplet. 
We further assume that the shift of the peaks with gate 
voltage results from the change of energy separation of 
the lowest excited state from the ground state. That is, 
while all levels shift in energy at approximately the same 
rate because of the average electrostatic potential change 
caused by the gate, the transverse electric field, caused by 
the voltages between the plunger gate and the confining 
gates, affects each level of the artificial atom differently. 

Note that, when eVd s is equal to the energy difference 
between the ground state and first excited state of the ar- 
tificial atom, one expects to see a threshold for inelastic 
co-tunneling, corresponding to_a.step in differential con- 
ductance. De Franceschi et aZE3 have recently reported 
such thresholds, although for their SETs the energies are 
only very weakly dependent on Vg. We observe peaks 
rather than thresholds, and the peaks are as sharp as 
those observed for zero-bias Kondo features, suggesting 
a strong Kondo screening oJLthe excited triplet. 

Hofstctter and SchoellciO have calculated the evolu- 
tion of the differential conductance for an artificial atom 
with single-channel leads and two orbitals, with energies 
ei and £2 , as a function of the level spacing. Their Hamil- 
tonian includes, for the excited state, a Heisenberg ex- 
change interaction, JSi • S2, where Si and S2 are the 
spins of the two electrons occupying the two orbitals. 
These authors predict that, when the level spacing is 
larger than J/4, two peaks should be seen in the differen- 
tial conductance, displaced symmetrically from zero bias 
by the energy of the excited-state triplet relative to the 
singlet ground state, et = | £2 — ei | — J/4 when positive. 
However, when e t < 0, the triplet becomes the gound 
state and a zero-bias Kondo peak is predicted. 

Since our confining potential has low symmetry, we 
expect that all degeneracies are lifted. For simplicity 
we assume that the variation of AVg results in a first- 
order shift in the orbital energies, as well as a coupling 
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FIG. 2: Energy diagrams as discussed in the text for 71 = 5, 
72 = 10, e? = 1, e% = 2, /3 = 0.5, and J= 0.4. (a) Two energy 
levels ei and £2 as a function of AV S . (b) Difference between 
the two levels. The dashed line gives the location of J/4, (c) 
Energy of the triplet relative to the ground state. 

between the orbitals that is linear in AVg. Ignoring all 
but the ground and first excited spatial states, we can 
estimate the evolution of the two levels with gate voltage 
by diagonalizing the two by two matrix H st 

~ _(e\- ll AV g 0AV s \ 
Hst ~{ /?AV g e°- l2 AV g ) W 

where e\ and e\ are the energies of the two spatial 
states at AVg = 0, 71 AVg and 72 AVg are the first-order 
shifts of the two states, and (3AV g is the coupling between 
them. The two resulting energies, ei and €2, are plotted 
as a function of AVg in Fig. |2|a. From these we find 

1*2 - er I = v /(7i 2 AV g + [ e ;- e 0])2 + 4 / 3 2 AVg 2 , (2) 

where 7i2AVg = 72AVg — 7iAVg. Subtracting J/4 
gives et; we assume that J is independent of AVg. |e2 — ei| 
and e t are plotted in Fig. || For this choice of parameters, 
at both extremes of gate voltage, the singlet is the ground 
state, but near the anti-crossing the triplet is the ground 
state. This model thus explains features at eVd s = e t like 
those in Fig. |l|b. 

Fitting the splitting betweeen the two peaks at positive 
and negative Vd s in Fig. [j]b to 2e t we find 712 = (1.95 ± 
0.09)xl0" 2 e, |e° — e°| = (0.25±0.08) meV, (3 = (0.006± 
0.003) e, and J= (0.6 ± 0.3) mcV. 

If f3 is large enough, et is expected to remain positive 
for all AVg and only the excited triplet Kondo features 
are expected. An example of this behavior is shown in 
Fig. [| For this case we find 712 = (2.1 ± 0.1) x 10~ 2 e, 
|e§ -e?| = (0.4±0.2) meV, (3 = (1.3±0.6) x 10" 2 e, and J 
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FIG. 3: Differential conductance dI/dV& s in the Vjg-AVg 
plane for voltages (V r , V tu V w )=(-191.4, -155.3, -155.3) mV 
and Vo =-182.1 mV. The modulation on the drain-source volt- 
age was 48 fiVp-p. The dashed white lines are a guide to the 
eye for the Coulomb-blockade diamond edges. 

= (1.0±0.8) meV. Therefore, the two examples of Fig. [TJ) 
and Fig. |^ are well fitted with values of 712, /?, and J that 
are the same within the errors. We note, however, that 
for nineteen other examples 712 spans the range 0.5 x 
10~ 2 e to 2 x 10 -2 e. It is likely that the difference in 
behavior between the case in Fig. [l]b and that in Fig. || 
results from the distribution of level spacings. 

We next discuss the parameters we have extracted. In 
a uniform external electric field, the quantity 712 would 
be given by 

<2|x|2>-<l|.x|l> 
712 = 2 e ( 3 ) 

where x is the lateral coordinate operator and the field 
is ~ AVg/c?; d is the diameter of the artificial atom. In 
natural atoms, the orbitals have definite parity so 712 = 
0, but in our artificial atoms the potential does not have 
definite parity. Of course, the field is not uniform, but 
even if it were, the observed values of 712/e of order 1% 
would not be unreasonable. |— ■ 

For electrons in a GaAs 2DEG, Oreg et alH have esti- 
mated the ratio A = J/ A as a function of electron density, 
where A is the single-particle level spacing in the artifi- 
cial atom. Their prediction is A = 0.22 for our 2DEG 
density. Assuming the droplet diameter is 100 nm, we 
calculate A w 920 fieV, which leads to J« 0.2 meV. This 
is of the same order of magnitude as our measurement, 
albeit somewhat smaller. 

The level separations w* find are surprisingly small. 
Goldhaber-Gordon et aLt3 found level spacings ~400 
fieV whereas our values of \e 2 — ei| are always < 200 
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FIG. 4: Temperature dependence of dl/dVds as a function 
of Vds f° r three different mixing chamber temperatures. The 
side bands are shown at the base temperature. The voltages 
on the electrodes are (V r , V u , V u ,V a )= (-181.5, -173.3, -173.3, 
-119.7) mV. The drain-source modulation was 10 /W p - P ; wc 
observe no significant change in the data down to ~1 /iV 
modulation. 

fj,eV. This difference may result from the difference in 
size of the electron droplet, because of the different depth 
and doping of the two heterostructures. Our shallower, 
more heavily doped device would have a larger size lead- 
ing to a smaller level spacing. This may explain why 
Goldhaber-Gordon et at did not see triplet Kondo. How- 
ever, even 400 /j,eV is a factor two smaller than expected 
from the estimated size of the droplet. Furthermore, one 
does not expect to observe charge quantization when the 
level spacing is smaller than the width of the levels at 
resonance, T, which we estimate from the width of the 
Vds = conductance peaks to be ~500 /xeV. This small 
level spacing also leads to a disagreement with the theo- 
retical prediction for J. If we use the. spacing of 400 /J,eV, 
we calculate J~0.1 meV from Ref.Efl, much smaller than 
observed. 

Occasionally, we observe excited state Kondo features 
for odd N, as well. Figure |^ shows one example. At 
the lowest temperature, one clearly sees side bands, sep- 



arated from the central peak by about 100 /xeV, which 
are as sharp as the central Kondo peak. To our knowl- 
edge, data showing excited state Kondo features in a SET 
for odd N have not been published previously, although 
they were predicted long agollJ From the temperature de- 
pendence of the central Kondo peak and the procedure 
of Goldhaber-Gordon et alr3, we find that the Kondo 
temperature for this particular gate voltage is 346 mK. 
The peak grows as temperature is lowered down to the 
base temperature. We have also measured the width of a 
Kondo peak as a function of temperature and find that it 
varies linearly with T down to 20 mK. Both these obser- 
vations confirm that the electron temperature tracks the 
temperature of our refrigerator almost to the base value. 

In conclusion, we are able to measure the energy of 
the triplet excited state and its dependence on gate volt- 
age with high precision because the inelastic co-tunneling 
threshold and the concommitant Kondo peaks are much 
sharper than the Coulomb changing peaks. Very recently, 
M. Pustilnik and L. Glazmanlij suggested an alternative 
explanation for our observations. They propose that the 
features we find at even N in this work could result from 
a noncqnventional Kondo effect, predicted theoretically 
earlieillZI This theory requires an S=l ground state in 
a quantum dot coupled to two separate reservoirs, and 
predicts a non-monotonic temperature dependence of the 
zero-bias conductance. In particular, they find a sup- 
pressed conductance at zero temperature, in a sharp con- 
trast with the predictions for the S=l/2 Anderson impu- 
rity model. To our knowledge, such behavior has not 
yet been observed experimentally. We are planning a 
detailed study of dl/dVds as a function of temperature 
to investigate whether the proposed mechanism indeed 
describes our devices. 
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